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(57) ABSTRACT

An optical waveguide type photodetector includes a first
semiconductor layer of a first conductive type, a multipli-
cation layer of a first conductive type on the first semicon-
ductor layer, an optical waveguide structure, and a photo-
diode structure. The photodiode structure has a third
semiconductor layer of a second conductive type, an optical
absorption layer of an intrinsic conductive type or of a
second conductive type, and a second semiconductor layer
of a second conductive type. The optical waveguide struc-
ture includes an optical waveguiding core layer and a
cladding layer. An end face of the photodiode structure
located 1n a second region of the first semiconductor layer
and an end face of the optical waveguide structure located 1n
a first region of the first semiconductor layer are in contact.
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OPTICAL WAVEGUIDE TYPE
PHOTODETECTOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
the prionity from Japanese Patent Application No. 2020-

035029, filed on Mar. 2, 2020, the entire contents of which
are incorporated herein by reference.

TECHNICAL FIELD

The present disclosure relates to an optical waveguide
type photodetector.

BACKGROUND

JP2013-110207 A discloses a technology related to a semi-
conductor optical integrated element and a method of manu-
facturing the same. The semiconductor optical integrated
clement disclosed in this literature includes a photodiode
region formed on a semiconductor substrate, and an optical
waveguide region subjected to butt joint coupling to an end
face of the photodiode region. The photodiode region
includes an optical absorption layer and a p-type cladding
layer laminated 1n this order on an n-type cladding layer. The
optical waveguide region includes an optical waveguide
layer and an upper cladding layer laminated in this order on
the n-type cladding layer. The optical waveguide layer has
an ascending portion with respect to the inclined butt joint
end face.

SUMMARY

The present disclosure provides an optical waveguide
type photodetector. The optical waveguide type photodetec-
tor mcludes a first semiconductor layer, a multiplication
layer, an optical waveguide structure, and a waveguide type
photodiode structure. The first semiconductor layer 1s of a
first conductive type. The multiplication layer 1s of a first
conductive type. The multiplication layer 1s provided on the
first semiconductor layer. The optical waveguide structure
has an end face. The optical waveguide structure 1s provided
on a first region of the multiplication layer and includes an
optical waveguiding core layer and a cladding layer. The
waveguide type photodiode structure has an end face. The
waveguide type photodiode structure 1s provided on a sec-
ond region of the multiplication layer. The waveguide type
photodiode structure has a third semiconductor layer being,
of a second conductive type, an optical absorption layer
being of an intrinsic conductive type or of a second con-
ductive type, a second semiconductor layer being of a
second conductive type which are arranged in this order. The
end face of the waveguide type photodiode structure and the
end face of the optical waveguide structure are in contact.

The present disclosure provides an optical waveguide
type photodetector. The optical waveguide type photodetec-
tor includes a first semiconductor layer, an optical wave-
guide structure, and a waveguide type photodiode structure.
The first semiconductor layer 1s of a first conductive type.
The optical waveguide structure has an end face. The optical
waveguide structure 1s provided on a first region of the first
semiconductor layer and includes an optical waveguiding
core layer and a cladding layer. The waveguide type pho-
todiode structure has an end face. The waveguide type
photodiode structure 1s provided on a second region of the
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first semiconductor layer. The waveguide type photodiode
structure has a multiplication layer being of a first conduc-
tive type, a seventh semiconductor layer being of a second
conductive type, an optical absorption layer being of an
intrinsic conductive type or a second conductive type, and a
second semiconductor layer being of a second conductive
type which are arranged 1n this order. The end face of the
waveguide type photodiode structure faces to the end face of
the optical waveguide structure. The sixth semiconductor
layer 1s of a second conductive type. The sixth semiconduc-
tor layer 1s located between the end face of the optical
waveguide structure and the end face of the waveguide type
photodiode structure. The sixth semiconductor layer 1s con-
tacted with the multiplication layer in the end face of the
waveguide type photodiode structure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a plan view 1illustrating a configuration of a light
receiving device including an optical waveguide type pho-
todetector according to a first embodiment.

FIG. 2 15 a view 1illustrating a cross section along line II-11

illustrated in FIG. 1.

FIG. 3 1s an enlarged cross-sectional view illustrating a
part of FIG. 2.

FIG. 4 1s a view 1llustrating a cross section along line
IV-1V illustrated in FIG. 1.

FIG. 5 15 a view 1llustrating a cross section along line V-V
illustrated 1n FIG. 1.

FIG. 6 1s a cross-sectional view illustrating a structure of
an optical waveguide type photodetector as a comparative

example and illustrates a cross section corresponding to line
V-V 1 FIG. 1.

FIG. 7A 1s an enlarged view of a part 1n the vicinity of an
end face of the multiplication layer in the comparative
example.

FIG. 7B 1s a view 1llustrating change 1n electric field
intensity of the multiplication layer 1n a thickness direction.

FIG. 8A 1s an enlarged view of a part 1n the vicinity of the
end face of the multiplication layer in the first embodiment.

FIG. 8B 1s a view illustrating change i electric field
intensity of the multiplication layer in the thickness direc-
tion.

FIG. 9 1s a cross-sectional view illustrating a structure of

an optical waveguide type photodetector according to a first
modification and 1llustrates a cross section corresponding to
line V-V m FIG. 1.

FIG. 10 1s a cross-sectional view 1illustrating a structure of
an optical waveguide type photodetector according to a
second modification and illustrates a cross section corre-
sponding to line V-V 1 FIG. 1.

FIG. 11 1s a cross-sectional view 1llustrating a structure of
an optical waveguide type photodetector according to a third
modification and illustrates a cross section corresponding to
line V-V 1n FIG. 1.

FIG. 12 1s a cross-sectional view illustrating a structure of
an optical waveguide type photodetector according to a
second embodiment and 1llustrates a cross section corre-
sponding to line V-V 1 FIG. 1.

FIG. 13A 1s an enlarged view of a part 1in the vicinity of
the end face of the multiplication layer in the second
embodiment.

FIG. 13B 1s a view illustrating change in electric field
intensity of the multiplication layer 1n the thickness direc-
tion.
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FIG. 14 1s a plan view 1llustrating an example of the
optical waveguide type photodetector.

DETAILED DESCRIPTION

Problem to be Solved by Present Disclosure

In recent years, optical waveguide type photodetectors in
which an optical waveguide structure and a waveguide type
photodiode structure are integrated on a common substrate
have been researched and developed. For example, such
optical waveguide type photodetectors are used as reception
front ends of an optical transmission system which has a
high transmission rate such as 40 Gb/s or faster and in which
a multi-level modulation method and a digital coherent
reception method are combined. An optical waveguide type
photodetector 1s produced by forming a butt joint structure
constituted of a semiconductor lamination unit for a photo-
diode including an optical absorption layer and a semicon-
ductor lamination unit for an optical waveguide including an
optical waveguiding core layer on a substrate.

An optical waveguide type photodetector used as a recep-
tion front end of an optical transmission system may be
required to have high reception sensitivity. As a solution
therefor, i1t 1s conceivable to cause a waveguide type pho-
todiode structure to have an avalanche multiplication action.
In such a case, it 1s preferable to provide a multiplication
layer for avalanche multiplication between an optical
absorption layer constituting a photodiode and a semicon-
ductor layer thereunder. However, 1n many cases, a butt joint
interface 1s formed through wet etching, and thus it 1s
inclined with respect to a direction perpendicular to a main
surface of a substrate (for example, refer to JP2013-
110207A). Therefore, an end face (butt joint interface) of a
multiplication layer 1s also inclined with respect to the
direction. In such a case, depletion does not proceed 1n parts
in the vicinity of the end faces of the multiplication layer
compared to other parts 1n the multiplication layer, and thus
a depletion range of a part 1n the vicinity of the end face of
the multiplication layer become narrow compared to deple-
tion ranges of other parts 1n the multiplication layer. Hence,
a maximum electric field (Emax) becomes larger in a part 1in
the vicinity of the end face of the multiplication layer than
in other parts in the multiplication layer. As a result, edge
breakdown 1s likely to occur.

Fftects of Present Disclosure

According to an optical waveguide type photodetector of
the present disclosure, a depletion range of a multiplication
layer for avalanche multiplication can be made approxi-
mately uniform.

DESCRIPTION OF EMBODIMENT OF
PRESENT DISCLOSURE

First, embodiments of the present disclosure will be
enumerated and described. According to an embodiment,
there 1s provided an optical waveguide type photodetector
including a first semiconductor layer, a multiplication layer,
an optical waveguide structure, and a waveguide type pho-
todiode structure. The first semiconductor layer 1s of a first
conductive type. The multiplication layer 1s of a first con-
ductive type. The multiplication layer 1s provided on the first
semiconductor layer. The optical waveguide structure has an
end face. The optical waveguide structure 1s provided on a
first region of the multiplication layer and includes an
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optical waveguiding core layer and a cladding layer. The
waveguide type photodiode structure has an end face. The
waveguide type photodiode structure 1s provided on a sec-
ond region of the multiplication layer. The waveguide type
photodiode structure has a third semiconductor layer being
of a second conductive type, an optical absorption layer
being of an intrinsic conductive type or of a second con-
ductive type, a second semiconductor layer being of a
second conductive type which are arranged 1n this order. The
end face of the waveguide type photodiode structure and the
end face of the optical waveguide structure are 1n contact.
The optical waveguide type photodetector includes the
multiplication layer and the third semiconductor layer. The
multiplication layer 1s a carrier multiplication layer provided
between the first semiconductor layer and the optical absorp-
tion layer. The multiplication layer 1s of a first conductive
type or 1s an undoped layer. The third semiconductor layer
1s an electric field lowering layer provided between the
multiplication layer and the optical absorption layer. The
third semiconductor layer 1s of a second conductive type. In
this manner, since the optical waveguide type photodetector
includes the multiplication layer and the third semiconductor
layer, a waveguide type photodiode structure having an
avalanche multiplication action can be obtained. As
described above, when an end face of the multiplication
layer 1s 1inclined, depletion does not proceed 1n a part 1n the
vicinity of the end face of the multiplication layer compared
to other parts 1n the multiplication layer, and thus a depletion
range of a part in the vicinity of the end face of the
multiplication layer become narrow compared to other parts
in the multiplication layer. In contrast, 1n this optical wave-
guide type photodetector, the multiplication layer and the
third semiconductor layer extend between the first region of
the first semiconductor layer and the optical waveguiding
core layer. Hence, unevenness of the depletion range caused
by mnclination of the end face 1s reduced. That 1s, according
to this optical waveguide type photodetector, the depletion
range of the multiplication layer can be made approximately
uniform from a central part to a part in the vicinity of the end
face. As a result, partial increase i maximum electric field
(Emax) in the multiplication layer 1s curbed, and edge
breakdown can be made unlikely to occur.

In the foregoing optical waveguide type photodetector,
the multiplication layer between the first region of the first
semiconductor layer and the optical waveguiding core layer
may be provided throughout an entire area of the optical
waveguide structure. In such a case, when an optical wave-
guide type photodetector 1s manufactured, it 1s only neces-
sary to cause the multiplication layer and the third semicon-
ductor layer to grow on the entire surface of the first
semiconductor layer, and thus manufacturing steps can be
simplified.

In the foregoing optical waveguide type photodetector
may further include a bufler layer of a first conductive type
or being an undoped layer, and a fourth semiconductor layer
of a first conductive type. The buller layer i1s provided
between the first semiconductor layer and the multiplication
layer and has a lower impurity concentration than the first
semiconductor layer. The fourth semiconductor layer 1s
provided between the bufler layer and the multiplication
layer and has a higher impurity concentration than the
multiplication layer. Due to the fourth semiconductor layer,
the depletion range can expand by controlling the electric
field intensity of the bufler layer at the time of applying a
reverse bias voltage to the extent that multiplication of
carriers does not occur. Hence, a CR time constant of the
photodiode (C: capacitance, and R: resistance) can be further
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reduced. As a result, faster (broadband) high-frequency
response characteristics can be realized.

In the foregoing optical waveguide type photodetector,
the waveguide type photodiode structure may Ifurther
include a fifth semiconductor layer provided between the
third semiconductor layer and the optical absorption layer. A
center position of the optical waveguiding core layer 1n a
thickness direction and a center position of the optical
absorption layer in the thickness direction can be accurately
aligned with each other by adjusting the thickness of the fifth
semiconductor layer. Hence, even when the optical absorp-
tion layer 1s thinned, a coupling loss between the optical
absorption layer and the optical waveguiding core layer can
be reduced by matching a mode field of the optical absorp-
tion layer and a mode field of the optical waveguiding core
layer.

According to another embodiment, there 1s provided an
optical waveguide type photodetector including a first semi-
conductor layer, an optical waveguide structure, and a
waveguide type photodiode structure. The first semiconduc-
tor layer 1s of a first conductive type. The optical waveguide
structure has an end face. The optical waveguide structure 1s
provided on a first region of the first semiconductor layer
and 1ncludes an optical waveguiding core layer and a
cladding layer. The waveguide type photodiode structure has
an end face. The waveguide type photodiode structure is
provided on a second region of the first semiconductor layer.
The waveguide type photodiode structure has a multiplica-
tion layer being of a first conductive type, a seventh semi-
conductor layer being of a second conductive type, an
optical absorption layer being of an intrinsic conductive type
or a second conductive type, and a second semiconductor
layer being of a second conductive type which are arranged
in this order. The end face of the waveguide type photodiode
structure faces to the end face of the optical waveguide
structure. The sixth semiconductor layer 1s of a second
conductive type. The sixth semiconductor layer i1s located
between the end face of the optical waveguide structure and
the end face of the waveguide type photodiode structure.
The sixth semiconductor layer 1s contacted with the multi-
plication layer in the end face of the waveguide type
photodiode structure.

Also 1n this optical waveguide type photodetector, similar
to the optical waveguide type photodetector described
above, the optical waveguide type photodetector includes
the multiplication layer and the third semiconductor layer.
Accordingly, a waveguide type photodiode structure having
an avalanche multiplication action can be obtained. Further-
more, in this optical waveguide type photodetector, the sixth
semiconductor layer of a second conductive type 1s provided
between the end face of the optical waveguide structure and
the end face of the waveguide type photodiode structure.
The sixth semiconductor layer comes into contact with the
multiplication layer. In this case, at the time of applying a
reverse bias, a part in the vicimty of the end face of the
multiplication layer are supplemented with carriers from the
sixth semiconductor layer, and thus the depletion range of a
part 1n the vicinity of the end face of the multiplication layer
expand. That 1s, according to this optical waveguide type
photodetector, the depletion range of the multiplication layer
can be made approximately umiform from a central part to a
part i the vicinity of the end face. As a result, partial
increase 1n maximum electric field (Emax) 1n the multipli-
cation layer 1s curbed, and edge breakdown can be made

unlikely to occur.

Details of Embodiment of Present Disclosure

Specific examples of an optical waveguide type photode-
tector according to embodiments of the present disclosure

10

15

20

25

30

35

40

45

50

55

60

65

6

will be described below with reference to the drawings. The
present nvention 1s not limited to the examples, but i1s

indicated by the appended claims and 1s intended to include
all modifications within the meaning and scope equivalent to
the appended claims. In the following description, the same
clements will be designated by the same reference numerals
in the description of the drawings, and redundant description
will be omitted. In the following description, the term
“undoped” denotes that the impurity concentration 1s an
extremely low concentration such as 1x10'> cm™ or lower,
for example.

An embodiment of the present disclosure relates to an
avalanche photodiode (APD) used in high-speed and large
capacitance optical communication systems. The embodi-
ment ol the present disclosure relates to realization of
rapidity, high sensitivity performance, and high reliability
using a waveguide structure. The embodiment of the present
disclosure relates to a multi-channel 1integrated photodetec-
tor 1n which a 90° hybrid function used 1n a digital coherent
optical communication system 1s monolithically integrated.
The embodiment of the present disclosure relates to real-
1ization of high sensitivity performance and high rehability
using integration of an APD structure.

First Embodiment

FIG. 1 1s a plan view 1llustrating a configuration of a light
receiving device including an optical waveguide type pho-
todetector according to a first embodiment of the present
disclosure. FIG. 2 1llustrates a cross section along line II-11
illustrated 1n FIG. 1, and FIG. 3 1s an enlarged view
illustrating a part of FIG. 2. FIG. 4 1llustrates a cross section
along line IV-1V illustrated in FIG. 1. FIG. 3 1llustrates a
cross section along line V-V illustrated 1n FIG. 1. In FIG. 5,
illustration of 1nsulating films 16 and 17 1s omitted.

As 1llustrated in FIG. 1, a light receiving device 1A
according to the present embodiment includes an optical
waveguide type photodetector 2A and signal amplification
units 3A and 3B. The photodetector 2A has a flat surface
shape such as a substantially rectangular shape. For
example, the photodetector 2A has a substrate made of a
compound semiconductor such as InP, and an optical wave-
guide formed on the substrate. The photodetector 2A has two
input ports 4a and 45 and an optical branching portion
(optical coupler) 5. The photodetector 2A further has pho-
todetector portions 6a, 6b, 6¢, and 6d formed on the sub-
strate, and capacitor portions 7a, 7b, 7c, and 7d. That 1s, the
photodetector 2A has a structure 1n which the optical wave-
guide and the photodetector portions 6a, 6b, 6¢, and 6d are
monolithically integrated on a common substrate.

The photodetector 2A has end edges 2a and 26 extending,
in a predetermined direction A. The end edge 2a faces the
end edge 26 1n a direction B intersecting (for example,
orthogonal to) the direction A. The two 1nput ports 4a and 4b
are provided at the end edge 2a of the photodetector 2A. An
optical signal La 1s mput to the input port 4a from outside
of the light receiving device 1A. The optical signal La
includes four signal components modulated by a quadrature
phase shiit keying (QPSK) method. A local oscillation light
Lb 1s input to the input port 45. The input port 4a 1s optically
coupled to an optical branching portion 5 via an optical
waveguide portion 8a. The mput port 45 1s optically coupled
to the optical branching portion 5 via an optical waveguide
portion 8b. The optical waveguide portions 8a and 86 are
suitably constituted of a core layer and a cladding layer. The
core layer 1s made of a maternial having a relatively large
refractive index (for example, InGaAsP). The cladding layer
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1s made of a matenial having a smaller refractive index (for
example, InP) than the core layer and covers the core layer.

The optical branching portion 5 constitutes a 90° optical
hybrid. The optical branching portion 3 i1s constituted of a
multi-mode mterference (MMI) coupler. The optical branch-
ing portion 5 causes the optical signal La and the local
oscillation light Lb to interfere with each other. Accordingly,
the optical signal La branches mto four signal components
Lcl, Lc2, Le3, and Led modulated by the QPSK method. A
polarization state of the signal component Lcl 1s equivalent
to a polarization state of the signal component L.c2, and the
signal component ¢l and the signal component L.c2 have
an 1n-phase relationship. A polarization state of the signal
component L.c3 1s equivalent to a polarization state of the
signal component L.c4, and the polarization states of the
signal components L.c3 and L¢4 differ from the polarization
states of the signal components L¢cl and Lc2. The signal
components L.¢c3 and Lcd have a quadrature relationship.

Each of the photodetector portions 6a, 65, 6¢, and 64 has
a configuration as an avalanche multiplication type PIN
photodiode. The photodetector portions 6a, 65, 6¢, and 6d
are disposed side by side in this order along the end edge 256
of the photodetector 2A. The photodetector portions 6a, 65,
6c, and 6d are optically coupled to corresponding output
ports of the optical branching portion 5 via optical wave-
guide portions 8c, 8d, 8¢, and 8f, respectively. A uniform
bias voltage 1s supplied to cathodes of the photodetector
portions 6a, 6b, 6¢, and 6d. Each of the photodetector
portions 6a, 6b, 6¢, and 6d receives each of the four signal
components Lcl, Le2, Le3, and Lc4 from the optical branch-
ing portion 5 and generates an electrical signal (photoelec-
tric current) corresponding to a light intensity of each of
these signal components Lcl, L¢2, L¢3, and Led. Electrode
pads 21a, 21b, 21c, and 21d are provided on the light
receiving element 2A for outputting signals. The electrode
pads 21a, 2156, 21c, and 21d are electrically connected to
anodes of the photodetector portions 6a, 65, 6¢, and 6d. The
clectrode pads 21a, 215, 21¢, and 21d are provided side by
side 1in the direction A along the end edge 256 of the
photodetector 2A. Each of the electrode pads 21a, 215, 21c,
and 214 1s electrically connected to each of electrode pads
6la, 615, 61c, and 61d (1or mputting signals) of the signal
amplification units 3A and 3B via each of bonding wires
20a, 205, 20c¢, and 20d.

The capacitor portions 7a, 7b, Tc, and 7d are so-called
metal-msulator-metal (MIM) capacitors. The capacitor por-
tions 7a, 7b, 7c, and 7d are constituted of a ground layer
made of a semiconductor, a lower metal layer and an upper
metal layer laminated on this ground layer, and an insulating,
film (the msulating film 17 illustrated in FIG. 2) interposed
between the lower metal layer and the upper metal layer. For
example, each of the lower metal layer and the upper metal
layer has a laminated structure such as T1iW/Au or T1/Au/Pt.
The capacitor portions 7a, 7b, 7c, and 7d are disposed side
by side (adjacent to each other) in the direction A with
respect to the respective photodetector portions 6a, 65, 6c,
and 6d on the photodetector 2A. Each of the capacitor
portions 7a, 7b, Tc, and 7d 1s electrically connected between
a bias wiring for supplying a bias voltage to each of the
cathodes of the photodetector portions 6a, 6b, 6¢, or 64 and
a reference potential wiring (GND line). An opening of the
insulating film 17 1s provided on a part of the lower metal
layer which 1s not covered by the upper metal layer. A bias
wiring 42 (refer to FIG. 2) i1s provided on the lower metal
layer exposed through the opening. The lower metal layer 1s
clectrically connected to the bias wiring 42. The reference
potential (GND) wiring 1s provided on the upper metal layer.
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The upper metal layer 1s electrically connected to the
reference potential wiring. Due to each of the capacitor
portions 7a, 7b, 7c, and 7d, an inductance component
between each of the cathodes of the photodetector portions
6a, 60, 6¢, and 64 and a by-pass capacitor (not 1llustrated)
can be aligned 1n a design aspect.

Each of the capacitor portions 7a, 7b, 7c, and 7d has each
of electrode pads 22a, 22b, 22¢, and 22d (for a bias voltage)

connected to the lower metal layer, and each of electrode
pads 23a, 23bH, 23c, and 23d (lor a reference potential)
connected to the upper metal layer. The electrode pads 23a,
23b, 23¢, and 23d are disposed between the electrode pads
22a, 22b, 22¢, and 22d and the end edge 26 of the photo-
detector 2A 1n the direction B.

One end of each of bonding wires 20i, 207, 204, and 20m
1s connected to each of the electrode pads 22a, 225, 22¢, and
22d. The other end of each of the bonding wires 20i, 20;,

20k, and 20m 1s electrically connected to a bias voltage
source (not illustrated). The bonding wires 20i, 207, 204, and
20m constitute parts of wirings for supplying a bias voltage
to the respective photodetector portions 6a, 6b, 6¢, and 6d.

One end of each of bonding wires 20e, 207, 20g, and 20/
1s connected to each of the electrode pads 23a, 235, 23¢, and
23d. Each of the bonding wires 20e, 20/, 20g, and 20/ 1s
provided along each of the bonding wires 20a, 2056, 20c, and
20d. The other end of each of the bonding wires 20e, 207,
20¢, and 20/ 1s connected to each of electrode pads 62a, 62c,
624, and 62f for a reference potential of the signal amplifi-
cation units 3A and 3B.

The signal amplification units 3A and 3B are amplifiers
(trans 1mpedance amplifiers: TIA) for amplifying an elec-
trical signal (photoelectric current) output from the photo-
detector portions 6a, 6b, 6¢, and 6d. The signal amplification
unit 3A has two electrode pads 61a and 615 for inputting
signals. The signal amplification unit 3A performs differen-
tial amplification of electrical signals mput to the electrode
pads 61a and 615 and generates one voltage signal. The
signal amplification unit 3B has two electrode pads 61¢ and
614 for mputting signals. The signal amplification unit 3B
performs differential amplification of electrical signals input
to the electrode pads 61¢c and 614 and generates one voltage
signal. The electrode pads 6la, 615, 61c, and 61d are
disposed side by side 1n this order along the end edge 26 of
the photodetector 2A and in the direction A. As described
above, each of the electrode pads 61a, 615, 61c¢, and 61d 1s
clectrically connected to each of the electrode pads 21a, 215,
21c, and 21d via each of the bonding wires 20a, 205, 20c,
and 20d.

The signal amplification unit 3A further has three elec-
trode pads 62a, 625, and 62c¢. The electrode pads 62a, 625,
and 62¢ are disposed side by side 1n this order along the end
edge 26 of the photodetector 2A and in the direction A. The
clectrode pad 61a 1s disposed between the electrode pads
62a and 625b. The electrode pad 615 1s disposed between the
clectrode pads 625 and 62¢. Similarly, the signal amplifica-
tion unit 3B further has three electrode pads 62d, 62¢, and
62/. The electrode pads 62d, 62¢, and 62f are disposed side
by side 1n this order along the end edge 25 of the photode-
tector 2A and 1n the direction A. The electrode pad 61c 1s
disposed between the electrode pads 624 and 62e. The
clectrode pad 61d 1s disposed between the electrode pads
62¢ and 62f. As described above, each of the electrode pads
62a, 62c¢, 624, and 62f of the signal amplification units 3A
and 3B 1s electrically connected to each of the electrode pads
23a, 23b, 23c, and 23d via each of the bonding wires 20e,
20/, 20¢, and 204.
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FIG. 2 1llustrates cross-sectional structures of two photo-
detector portions 6¢ and 64 of the four photodetector por-
tions 6a, 65, 6¢, and 6d. FI1G. 3 illustrates a cross-sectional
structure of the photodetector portion 64. The remaining
photodetector portions 6a and 65 have a cross-sectional
structure similar to this. FIG. 4 1llustrates a cross-sectional
structure of one optical waveguide portion 8f of six optical
waveguide portions 8a, 8b, 8¢, 84, 8¢, and 8f. The remaining,
optical waveguide portions 8a to 8¢ also have a cross-
sectional structure similar to this. FIG. 5 illustrates a cross-
sectional structure of a joint part between the photodetector
portion 64 and the optical waveguide portion 8f. A joint part
between the photodetector portion 6a and the optical wave-
guide portion 8¢, a joint part between the photodetector
portion 65 and the optical waveguide portion 84, and a joint
part between the photodetector portion 6¢ and the optical
waveguide portion 8¢ also have a cross-sectional structure
similar to this.

As 1llustrated 1n FIG. 5, the photodetector portions 6a, 65,
6¢, and 64 and the optical waveguide portions 8c, 84, 8¢, and
8/ are integrated on a common substrate 9. For example, the
substrate 9 1s a semi-insulating InP substrate. The cross-
sectional structures of the photodetector portions 6a, 65, 6¢,
and 64 will be described by taking the photodetector portion
64 as an example. As illustrated in FIG. 3, the photodetector
portion 64 has an n-type semiconductor layer 10 and a
waveguide type photodiode structure 19. The n-type semi-
conductor layer 10 1s provided on the substrate 9 and 1s of
a high-concentration n-type conductive type. The photo-
diode structure 19 1s provided on a region D (a second
region, refer to FI1G. 5) of the n-type semiconductor layer 10.

The photodiode structure 19 has an optical absorption
layer 13, a p-type semiconductor layer 14, and a p-type
contact layer 15. The optical absorption layer 13 1s provided
on the n-type semiconductor layer 10. The p-type semicon-
ductor layer 14 1s provided on the optical absorption layer 13
and 1s of a p-type conductive type. The p-type contact layer
15 1s provided on the p-type semiconductor layer 14 and 1s
of a p-type conductive type. Moreover, the photodiode
structure 19 has a multiplication layer 11 and a p-type
clectric field control layer 12. The multiplication layer 11 1s
provided between the n-type semiconductor layer 10 and the
optical absorption layer 13. The p-type electric field control
layer 12 1s provided between the multiplication layer 11 and
the optical absorption layer 13. The n-type semiconductor
layer 10 1s a first semiconductor layer according to the
present embodiment. The p-type semiconductor layer 14 1s
a second semiconductor layer according to the present
embodiment. The p-type electric field control layer 12 1s a
third semiconductor layer according to the present embodi-
ment.

The n-type semiconductor layer 10 comes into ohmic
contact with an n-type ohmic electrode 41 (refer to FIG. 3).
For example, the n-type semiconductor layer 10 1s a Si-
doped InP layer. For example, a Si1-doping concentration of
the n-type semiconductor layer 10 is 1x10"” cm™ or higher.
For example, a thickness of the n-type semiconductor layer
10 1s within a range of 1 um to 2 um. The multiplication
layer 11 1s an electron 1njection type carrier multiplication
layer. The multiplication layer 11 is of an 1-type (undoped)
conductive type or an n-type conductive type having a lower
impurity concentration than the n-type semiconductor layer
10. For example, the multiplication layer 11 1s a Si-doped
InAlAs layer. For example, a Si1-doping concentration of the
multiplication layer 11 is 3x10'® cm™ or lower. For
example, a thickness of the multiplication layer 11 1s within
a range of 0.050 um to 0.200 um. The p-type electric field
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control layer 12 1s a layer provided to lower an electric field
of the optical absorption layer 13. The p-type electric field
control layer 12 1s of a p-type conductive type having a
higher 1impurity concentration than the optical absorption
layer 13. For example, the p-type electric field control layer
12 1s a Zn-doped InP layer or a Zn-doped InAlGaAs layer.

For example, a Zn-doping concentration of the p-type elec-
tric field control layer 12 is 1x10'® ¢cm™ or higher. For
example, a thickness of the p-type electric field control layer

12 1s within a range of 0.025 um to 0.100 um.

For example, the optical absorption layer 13 i1s an
undoped InGaAs layer or a low-concentration p-type
InGaAs layer of which the Zn-doping concentration 1is
3x10'° ¢cm™ or lower. For example, a thickness of the
optical absorption layer 13 1s within a range of 0.1 um to 0.4

um. For example, the p-type semiconductor layer 14 1s a

/n-doped InP layer. For example, a Zn-doping concentration
of the p-type semiconductor layer 14 is 2x10"" cm™ or
higher. For example, a thickness of the p-type semiconduc-
tor layer 14 1s within a range of 1 um to 2.5 um. For example,
the p-type contact layer 15 1s a Zn-doped InGaAs layer. For
example, a Zn-doping concentration of the p-type contact
layer 15 is 1x10"® cm™ or higher. For example, a thickness
of the p-type contact layer 135 1s within a range of 0.1 um to
0.3 um.

A composition graded layer may be provided between the
optical absorption layer 13 and the p-type semiconductor
layer 14 for alleviating hetero-energy barriers (AEv and
AEc) between both layers. This composition graded layer 1s
of an undoped conductive type or a p-type conductive type
of which the Zn-doping concentration is 1x10"’ cm™ or
lower. A p-type hetero-barrier alleviation layer may be
provided between the p-type semiconductor layer 14 and the
p-type contact layer 15. For example, this hetero-barrier
alleviation layer 1s constituted of two Zn-doped InGaAsP
layers of which the doping concentration is 1x10'® cm™ or
higher. For example, bandgap wavelengths of the two Zn-
doped InGaAsP layers are 1.1 um and 1.3 um, respectively.

A part of the n-type semiconductor layer 10, the multi-
plication layer 11, the p-type electric field control layer 12,
the optical absorption layer 13, the p-type semiconductor
layer 14, and the p-type contact layer 15 constitute a stripe
mesa structure extending in a predetermined optical wave-
guiding direction (the direction B of FIG. 1 1n the present
embodiment). The stripe mesa structure has a pair of side
surfaces. The pair of side surfaces of this stripe mesa
structure are embedded by an embedment region 18. For
example, the embedment region 18 i1s formed of a semi-
insulating material such as Fe-doped InP. For example, a
width of the stripe mesa structure 1n a direction orthogonal
to the optical waveguiding direction (the direction A 1n FIG.
1) 1s within a range of 1.5 um to 3 um. For example, a height
of the stripe mesa structure 1s within a range of 2 um to 3.5
L.
The photodetector portion 64 further has the insulating
films 16 and 17. The nsulating films 16 and 17 are provided
from an upper surface of the stripe mesa structure to a part
on the embedment region 18. The msulating films 16 and 17
cover and protect the upper surface of the stripe mesa
structure and the embedment region 18. For example, the
insulating films 16 and 17 are films made of an insulating
silicon compound such as SiN, S1ON, or S10,. The 1nsulat-
ing {ilms 16 and 17 have an opening on the upper surface of
the stripe mesa structure. A p-type ohmic electrode 31 1s
provided on the p-type contact layer 15 exposed from the

msulating films 16 and 17 through the openings.
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For example, the p-type ohmic electrode 31 1s made of an
alloy of AuZn or Pt and the p-type contact layer 15. A wiring
32 1s provided on the p-type ohmic electrode 31. The wiring
32 extends in the optical waveguiding direction (the direc-
tion B 1n FIG. 1) and electrically connects the p-type ohmic
clectrode 31 and the electrode pad 21d to each other. For
example, the wiring 32 has a laminated structure such as
T1W/Au or Ti/Pt/Au. For example, the electrode pad 21d 1s
formed through Au plating.

The 1nsulating films 16 and 17 also have another opening
on the n-type semiconductor layer 10 separated from the
mesa structure of the photodetector portion 64. The n-type
ohmic electrode 41 serving as a cathode 1s provided on the
n-type semiconductor layer 10 exposed from the msulating
films 16 and 17 through the openings. For example, the
n-type ohmic electrode 41 1s made of an alloy of AuGe or
AuGeN1 and the n-type semiconductor layer 10. A bias
wiring 42 1s provided on the n-type ohmic electrode 41. The
bias wiring 42 extends to the lower metal layer of the
capacitor portion 7d and electrically connects the lower
metal layer and the n-type ohmic electrode 41 to each other.

The capacitor portion 74 has the insulating film 16, the
lower metal layer, the mnsulating film (interlayer film) 17,
and the upper metal layer laminated in this order on the
substrate 9. For example, the upper metal layer and the lower
metal layer are constituted of a laminated structure such as
T1iW/Au or Ti/Au/Pt. On a part of the lower metal layer
which 1s not covered by the upper metal layer, an opening 1s
formed 1n the insulating film 17. The bias wiring 42 1is
provided on the lower metal layer exposed through the
opening. The bias wiring 42 extends in a direction 1n which
it becomes farther from the end edge 26 of the photodetector
2A 1n the optical waveguiding direction (the direction B 1n
FIG. 1) and electrically connects the lower metal layer and
the electrode pad 22d to each other. A wiring connected to
the electrode pad 23d 1s provided on the upper metal layer.
This wiring extends 1n a direction 1n which 1t becomes closer
to the end edge 26 of the photodetector 2A 1n the optical
waveguiding direction and electrically connects the upper
metal layer and the electrode pad 234 to each other.

A via 51 1s provided on the substrate 9. The via 51 1s a
metal conductive material and 1s formed through Au plating,
for example. The via 51 1s provided 1n a manner of pen-
etrating the substrate 9 from a front surface to a rear surface.
The upper metal layer of the capacitor portion 7d 1s elec-
trically connected to one end of the via 51 on the front
surface side via the electrode pad 23d. The other end of the
via 51 on the rear surface side 1s connected to the reference
potential line (ground potential line) shared between the
signal amplification units 3A and 3B.

For example, the wiring connected to the electrode pad
23d, and the bias wiring 42 have a laminated structure such
as T1iW/Au or Ti/Au/Pt. For example, the electrode pad 23d
and the electrode pad 22d are formed through Au plating.

Subsequently, a cross-sectional structure of the optical
waveguide portion will be described. As illustrated 1n FIGS.
4 and 5, the optical waveguide portion 8f includes the n-type
semiconductor layer 10 and an optical waveguide structure
80. The n-type semiconductor layer 10 1s provided on the
substrate 9. The optical waveguide structure 80 1s provided
on a region E (first region) of the n-type semiconductor layer
10. The region E 1s adjacent to the region D of the n-type
semiconductor layer 10 1n the optical waveguiding direction
(the direction B 1n FIG. 1). The optical waveguide structure
80 includes an optical waveguiding core layer 81 provided
on the n-type semiconductor layer 10, and a cladding layer
82 provided on the optical waveguiding core layer 81.
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Moreover, the optical waveguide portion 8f includes the
multiplication layer 11 and the p-type electric field control
layer 12 provided between the n-type semiconductor layer
10 and the optical waveguide structure 80.

The n-type semiconductor layer 10 1s in common with the
n-type semiconductor layer 10 of the photodetector portion
64 and functions as a lower cladding layer in the optical
waveguide portion 8/. The n-type semiconductor layer 10 1s
provided from the photodetector portion 64 to the optical
waveguide portion 8/ on the substrate 9. Similarly, the
multiplication layer 11 on a region E i1s shared by the
multiplication layer 11 of the photodetector portion 64, and
the p-type electric field control layer 12 on a region E 1s
shared by the p-type electric field control layer 12 of the
photodetector portion 64. The multiplication layer 11 and the
p-type electric field control layer 12 extend from between
the region D of the n-type semiconductor layer 10 and the
optical absorption layer 13 to a part between the region E of
the n-type semiconductor layer 10 and the optical wave-
guiding core layer 81. In the present embodiment, the
multiplication layer 11 and the p-type electric field control
layer 12 between the region E of the n-type semiconductor
layer 10 and the optical waveguiding core layer 81 are
provided throughout an entire area of the optical waveguide
structure 80 (that 1s, an entire area of the optical waveguide
portions 8a, 80, 8¢, 84, 8¢, and 8f viewed 1n the lamination
direction). The composition, the doping concentration, and
the thickness of the n-type semiconductor layer 10, the
multiplication layer 11, and the p-type electric field control
layer 12 1n the optical waveguide portions 8a, 85, 8¢, 84, 8e,
and 8/ are the same as those of the photodetector portion 64d.

As 1llustrated 1n FIG. §, the optical waveguide portion 8f
1s subjected to butt joint coupling to the photodetector
portion 6d, and the optical waveguiding core layer 81 comes
into contact with the optical absorption layer 13. Accord-
ingly, the optical waveguiding core layer 81 1s optically
coupled to the optical absorption layer 13. For example, a
butt joint intertace 1s formed through wet etching. Hence,
the butt joint interface 1s inclined with respect to a direction
perpendicular to an upper surface 10a of the n-type semi-
conductor layer 10, that 1s, an interface between the n-type
semiconductor layer 10 and the multiplication layer 11. In
other words, when an interface between the optical wave-
guide structure 80 and the photodiode structure 19 1s a first
interface C1 and an interface between the region D of the
n-type semiconductor layer 10 and the photodiode structure
19 15 a second interface C2, an angle 0 formed by the first
interface C1 and the second intertace C2 1s smaller than 90°.
For example, the angle 0 formed by the first interface C1 and
the second interface C2 1s within a range of 25° to 60°.

The optical waveguiding core layer 81 has a larger
refractive index than the n-type semiconductor layer 10 and
1s formed of a material which can be subjected to lattice
matching with the n-type semiconductor layer 10. For
example, the optical waveguiding core layer 81 1s made of
InGaAsP. For example, a bandgap wavelength of InGaAsP
of the optical waveguiding core layer 81 1s 1.05 um. For
example, a thickness of the optical waveguiding core layer
81 1s within a range 01 0.3 um to 0.5 um. The cladding layer
82 has a smaller refractive index than the optical waveguid-
ing core layer 81 and i1s formed of a material which can be
subjected to lattice matching with the optical waveguiding
core layer 81. For example, the cladding layer 82 1s made of
undoped InP. For example, a thickness of the cladding layer
82 1s within a range of 1 um to 3 um. A height of an upper
surface of the cladding layer 82 1s aligned with a height of
an upper surface of the p-type contact layer 15. As 1llustrated
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in FIG. 4, a part of the n-type semiconductor layer 10, the
multiplication layer 11, the p-type electric field control layer
12, the optical waveguiding core layer 81, and the cladding
layer 82 constitute a mesa structure extending in the optical
waveguiding direction (the direction B 1n FIG. 1). An optical
signal 1s confined inside the optical waveguiding core layer
81 due to this mesa structure and a difference between
refractive mdices of the n-type semiconductor layer 10, the
cladding layer 82, and the optical waveguiding core layer
81. So that the optical signal can be propagated to the
photodetector portion 6d. The side surfaces and the upper
surface of this stripe mesa structure are protected by being
covered by the two nsulating films 16 and 17.

Effects obtained by the photodetector 2A of the present
embodiment having the foregoing configuration will be
described. In the photodetector 2 A, the photodiode structure
19 includes the multiplication layer 11 and the p-type
clectric field control layer 12. The multiplication layer 11 1s
a carrier multiplication layer provided between the n-type
semiconductor layer 10 and the optical absorption layer 13.
The multiplication layer 11 1s of an n-type conductive type
having a lower impurity concentration than the n-type
semiconductor layer 10 or 1s an undoped layer. The p-type
clectric field control layer 12 1s an electric field lowering
layer provided between the multiplication layer 11 and the
optical absorption layer 13 and has a higher impurity con-
centration than the optical absorption layer 13. Since the
photodiode structure 19 includes the multiplication layer 11
and the p-type electric field control layer 12 described
above, the photodiode structure 19 having an avalanche
multiplication action can be obtained.

FIG. 6 15 a cross-sectional view 1llustrating a structure of
an optical waveguide type photodetector 102 as a compara-
tive example and 1llustrates a cross section corresponding to
line V-V 1n FIG. 1. The optical waveguide type photodetec-
tor 102 has a multiplication layer 11 A for avalanche multi-
plication and a p-type electric field control layer 12A
between the optical absorption layer 13 constituting the
photodiode structure 19 and the n-type semiconductor layer
10 thereunder. The multiplication layer 11 A and the p-type
clectric field control layer 12A are provided in only the
photodetector portion and are not provided in the optical
waveguide portion.

In many cases, since the butt joint interface 1s formed
through wet etching, 1t becomes a forward mesa structure
and 1s inclined to the photodiode side with respect to a
direction perpendicular to a main surface of the substrate 9.
Therefore, an end face of the multiplication layer 11A are
also inclined in a similar manner. FIG. 7A 1s an enlarged
view of a part in the vicimty of the end face of the
multiplication layer 11 A 1n such a case. A region surrounded
by the dotted line 1n the diagram shows a depleted region.
When a end face 11; of the multiplication layer 11A 1s
inclined, a length of an interface between the p-type electric
field control layer 12A and the multiplication layer 11A 1n
the optical waveguiding direction becomes shorter than a
length of an interface between the n-type semiconductor
layer 10 and the multiplication layer 11A 1n the same
direction 1n accordance with an inclination angle thereof.
Hence, when a reverse bias 1s applied, negative electric
charges become insuilicient 1n a region in the vicinity of the
end face 11; of the multiplication layer 11A. As a result,
depletion does not proceed compared to other parts in the
multiplication layer 11A, and a depletion range Ws of the
part becomes narrow compared to a depletion range Wc¢ of
other parts 1n the multiplication layer 11A.
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FIG. 7B 1s a view illustrating change i electric field
intensity in the thickness direction. The graph G11 shows
change 1n electric field 1intensity of a part in the vicinity of
the end face 11; of the multiplication layer 11 A. The graph
(12 shows change 1n electric field intensity of other parts 1n
the multiplication layer 11A. As illustrated in FIG. 7B, due
to the relationship between the foregoing depletion ranges
Ws and Wc¢, a maximum electric field Emax1 1n a part in the
vicinity of the end face 11 of the multiplication layer 11 A
becomes larger than a maximum electric field Emax2 of
other parts 1n the multiplication layer 11A. Therefore, edge
breakdown 1s likely to occur in the butt joint interface.
Furthermore, a multiplication current 1s concentrated in a
part in the vicmity of the end face 117, and thus reliability
deteriorates.

In the photodetector 2A of the present embodiment, the
multiplication layer 11 and the p-type electric field control
layer 12 extend from between the region D of the n-type
semiconductor layer 10 and the optical absorption layer 13
to a part between the region E of the n-type semiconductor
layer 10 and the optical waveguiding core layer 81. FIG. 8A
1s an enlarged view of a part in the vicinity of the end face
of the multiplication layer 11 1n such a case. A region
surrounded by the dotted line in the diagram shows a
depleted region. When the multiplication layer 11 and the
p-type electric field control layer 12 extend between the
region E of the n-type semiconductor layer 10 and the
optical waveguiding core layer 81, as illustrated in the
diagram, a difference between a length of an interface
between the p-type electric field control layer 12 and the
multiplication layer 11 1n the optical waveguiding direction
and a length of the interface between the n-type semicon-
ductor layer 10 and the multiplication layer 11 in the same
direction 1s resolved. Hence, the depletion range i1s made
approximately uniform to the butt joint interface, and
unevenness of the depletion range caused by inclination of
the end face 115 i1s reduced. That is, according to the
photodetector 2A of the present embodiment, the depletion
range of the multiplication layer 11 can be made approxi-
mately uniform.

FIG. 8B 1s a view illustrating change i electric field
intensity of the multiplication layer 11 1in the thickness
direction. According to the present embodiment, a maximum
clectric field Emax 1n the vicimity of the end face 11; of the
multiplication layer 11 becomes equivalent to a maximum
clectric field of other parts in the multiplication layer 11.

That 1s, partial increase in maximum electric field Emax
in the multiplication layer 11 can be curbed. Therefore, edge
breakdown can be made unlikely to occur. Furthermore,
deterioration in reliability due to concentration of a multi-
plication current can be avoided.

As 1n the present embodiment, the multiplication layer 11
and the p-type electric field control layer 12 between the
region E of the n-type semiconductor layer 10 and the
optical waveguiding core layer 81 may be provided through-
out the entire area of the optical waveguide structure 80. In
such a case, when the photodetector 2A 1s manufactured, it
1s only necessary to cause the multiplication layer 11 and the
p-type electric field control layer 12 to grow on the entire
surface of the n-type semiconductor layer 10, and thus
manufacturing steps can be simplified.

(First Modification)

FIG. 9 1s a cross-sectional view illustrating a structure of
an optical waveguide type photodetector 2B according to a
first modification of the foregoing embodiment and 1llus-
trates a cross section corresponding to line V-V in FI1G. 1. In
addition to the configuration of the photodetector 2A of
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foregoing embodiment, the photodetector 2B {further
includes a bufler layer 111 and an n-type electric field
control layer 112.

The buffer layer 111 1s provided between the n-type
semiconductor layer 10 and the multiplication layer 11. The
butfler layer 111 extends from a part on the region D of the
n-type semiconductor layer 10 to a part on the region E of
the n-type semiconductor layer 10. The bufler layer 111 1s of
an n-type conductive type having a lower impurity concen-
tration than the n-type semiconductor layer 10 or 1s an
undoped layer. For example, the bufler layer 111 1s a
Si1-doped InP layer. For example, a S1-doping concentration
of the buffer layer 111 is 1x10'® cm™ or lower. For example,
a thickness of the bufler layer 111 1s within a range of 0.050
um to 0.200 um. In the optical waveguide portion, the buller
layer 111 functions as a second lower cladding laver.

The n-type electric field control layer 112 1s a layer
provided to lower an electric field of the bufler layer 111.
The n-type electric field control layer 112 1s a fourth
semiconductor layer 1n the present modification. The n-type
clectric field control layer 112 1s provided between the buller
layer 111 and the multiplication layer 11. The n-type electric
field control layer 112 extends together with the butler layer
111 from a part on the region D of the n-type semiconductor
layer 10 to a part on the region E of the n-type semicon-
ductor layer 10. The impurity concentration of the n-type
clectric field control layer 112 1s higher than that of the
multiplication layer 11, for example, is 1x10'® cm™ or
higher. For example, the n-type electric field control layer
112 1s a Si-doped InP layer.

In the present modification, due to the n-type electric field
control layer 112, the depletion range can expand by con-
trolling the electric field intensity of the bufler layer 111 at
the time of applying a reverse bias voltage to the extent that
multiplication of carriers does not occur. Hence, a CR time
constant of the photodetector portion can be further reduced.
As a result, faster (broadband) high-frequency response
characteristics can be realized.

(Second Modification)

FIG. 10 1s a cross-sectional view 1llustrating a structure of
an optical waveguide type photodetector 2C according to a
second modification of the foregoing embodiment and 1llus-
trates a cross section corresponding to line V-V 1n FIG. 1. In
addition to the configuration of the photodetector 2A of
foregoing embodiment, the photodetector 2C further
includes a hetero-barrier alleviation layer 113. The hetero-
barrier alleviation layer 113 1s a fifth semiconductor layer in
the present modification. The hetero-barrier alleviation layer
113 15 provided only between the p-type electric field control
layer 12 and the optical absorption layer 13 on the region D
of the n-type semiconductor layer 10 and does not extend to
a part on the region E of the n-type semiconductor layer 10.
The hetero-barrier alleviation layer 113 1s provided to alle-
viate the hetero-energy barrier between the p-type electric
field control layer 12 and the optical absorption layer 13.

The hetero-barrier alleviation layer 113 1s of a p-type
conductive type having a lower impurity concentration than
the p-type electric field control layer 12 or 1s an undoped
layer. A bandgap of the hetero-barrier alleviation layer 113
1s between a bandgap of the p-type electric field control layer
12 and a bandgap of the optical absorption layer 13. For
example, the hetero-barnier alleviation layer 113 i1s a Zn-
doped InGaAsP layer. For example, a bandgap wavelength
of the hetero-barrier alleviation layer 113 1s 1.25 um or 1.40
um. Alternatively, the hetero-barrier alleviation layer 113
may be a composition graded layer in which the bandgap
wavelength continuously varies. For example, a Si-doping,
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concentration of the hetero-barrier alleviation layer 113 1is
1x10"” ecm™ or lower. For example, a thickness of the
hetero-barrier alleviation layer 113 1s within a range o1 0.025
um to 0.100 um.

In the present modification, a center position of the optical
absorption layer 13 1n the thickness direction can be accu-
rately aligned with a center position of the optical wave-
guiding core layer 81 1n the thickness direction by adjusting
a thickness of the hetero-barrier alleviation layer 113.
Hence, even when the optical absorption layer 13 1s thinned
to 1ncrease the operating speed of the photodetector 2C, a
coupling loss between the optical absorption layer 13 and
the optical waveguiding core layer 81 can be reduced by
matching a mode field of the optical absorption layer 13 and
a mode field of the optical waveguiding core layer 81. As a
result, both reduction of a coupling loss and high sensitivity
can be achieved.

(Third Modification)

FIG. 11 1s a cross-sectional view 1llustrating a structure of
an optical waveguide type photodetector 2D according to a
third modification of the foregoing embodiment and illus-
trates a cross section corresponding to line V-V 1n FIG. 1.
The photodetector 2D has a configuration in which the
clectron 1njection type multiplication layer 11 of the fore-
going embodiment i1s changed to a hole imjection type
multiplication layer 11C. Except for the points which will be
described below, a configuration of the photodetector 2D 1s
similar to that of the photodetector 2A of foregoing embodi-
ment.

The photodetector portion 64 of the photodetector 2D has
a p-type semiconductor layer 101 and a waveguide type
photodiode structure 117. The p-type semiconductor layer
101 1s provided on the substrate 9 and 1s of a high-
concentration p-type conductive type. The photodiode struc-
ture 117 1s provided on the region D of the p-type semicon-
ductor layer 101. The photodiode structure 117 has an
optical absorption layer 114 provided on the p-type semi-
conductor layer 101, an n-type semiconductor layer 115 of
an n-type conductive type provided on the optical absorption
layer 114, and an n-type contact layer 116 provided on the
n-type semiconductor layer 115. Moreover, the photodiode
structure 117 has the multiplication layer 11C and an n-type
clectric field control layer 12C. The multiplication layer 11C
1s provided between the p-type semiconductor layer 101 and
the optical absorption layer 114. The n-type electric field
control layer 12C 1s provided between the multiplication
layer 11C and the optical absorption layer 114. The p-type
semiconductor layer 101 1s a first semiconductor layer
according to the present embodiment. The n-type semicon-
ductor layer 115 1s a second semiconductor layer according
to the present embodiment. The n-type electric field control
layer 12C 1s a third semiconductor layer according to the
present embodiment.

The p-type semiconductor layer 101 comes into ohmic
contact with an p-type ohmic electrode (not illustrated). For
example, the p-type semiconductor layer 101 1s a Zn-doped
InP layer. For example, a Zn-doping concentration of the
p-type semiconductor layer 101 is 1x10'® cm™ or higher.
For example, a thickness of the p-type semiconductor layer
101 1s within a range of 1 um to 2 um. The multiplication
layer 11C 1s a hole imjection type carrier multiplication layer
and 1s of an 1-type (undoped) conductive type. For example,
the multiplication layer 11C 1s an undoped InP layer. For
example, a thickness of the multiplication layer 11C 1s
within a range of 0.050 um to 0.200 um. The n-type electric
field control layer 12C 1s provided to lower an electric field
of the optical absorption layer 114. The n-type electric field
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control layer 12C 1s of an n-type conductive type having a
higher 1impurity concentration than the optical absorption
layer 114. For example, the n-type electric field control layer
12C 1s a Si-doped InP layer or a Si-doped InAlGaAs layer.
For example, a Si-doping concentration of the n-type elec- 5
tric field control layer 12C is 1x10'® cm™ or higher. For
example, a thickness of the n-type electric field control layer
12C 1s within a range of 0.025 um to 0.100 um.

For example, the optical absorption layer 114 1s an
undoped InGaAs layer or a low-concentration n-type 10
InGaAs layer of which the Si-doping concentration 1is
3x10'° ¢cm™ or lower. For example, a thickness of the
optical absorption layer 114 1s within a range of 0.1 um to
0.4 um. For example, the n-type semiconductor layer 115 1s
a Si1-doped InP layer. For example, a Si1-doping concentra- 15
tion of the n-type semiconductor layer 115 is 2x10'" cm™ or
higher. For example, a thickness of the n-type semiconduc-
tor layer 115 1s within a range of 1 um to 2.5 um. For
example, the n-type contact layer 116 1s a Si1-doped InGaAs
layer. For example, a Si1-doping concentration of the n-type 20
contact layer 116 is 1x10"® cm™ or higher. For example, a
thickness of the n-type contact layer 116 1s within a range of
0.1 um to 0.3 um. An n-type ohmic electrode 131 1s provided
on the n-type contact layer 116.

A composition graded layer may be provided between the 25
optical absorption layer 114 and the n-type semiconductor
layer 115 for alleviating hetero-energy barriers (AEv and
AEc) between both layers. The composition graded layer 1s
of an undoped conductive type or an n-type conductive type
of which the Si-doping concentration is 1x10'" ¢cm™ or 30
lower. An n-type hetero-barrier alleviation layer may be
provided between the n-type semiconductor layer 115 and
the n-type contact layer 116. For example, the hetero-barrier
alleviation layer 1s constituted of two Si-doped InGaAsP
layers of which the doping concentration is 1x10'® cm™ or 35
higher. For example, bandgap wavelengths of the two Si-
doped InGaAsP layers are 1.1 um and 1.3 um, respectively.

A part of the p-type semiconductor layer 101, the multi-
plication layer 11C, the n-type electric field control layer
12C, the optical absorption layer 114, the n-type semicon- 40
ductor layer 115, and the n-type contact layer 116 constitute
a stripe mesa structure extending in the optical waveguiding
direction. The stripe mesa structure has a pair of side
surfaces. The pair of side surfaces of the stripe mesa
structure are embedded by the embedment region 18 (refer 45
to FIG. 3). For example, the embedment region 18 1s formed
of a semi-insulating material such as Fe-doped InP.

For example, the n-type ochmic electrode 131 1s made of
an alloy of AuZn or Pt and the n-type contact layer 116. A
wiring 132 1s provided on the n-type ohmic electrode 131. 50
The wiring 132 extends 1n the optical waveguiding direction
and electrically connects the n-type ohmic electrode 131 and
the electrode pad 214 to each other. For example, the wiring,
132 has a laminated structure such as TiW/Au or T1/Pt/Au.

The p-type semiconductor layer 101 1s provided from the 55
photodetector portion 64 to the optical waveguide portion 8/
on the substrate 9. The multiplication layer 11C on the
region E 1s in common with the multiplication layer 11C of
the photodetector portion 6d. The n-type electric field con-
trol layer 12C on the region E 1s 1n common with the n-type 60
clectric field control layer 12C of the photodetector portion
64d. The multiplication layer 11C and the n-type electric field
control layer 12C extend from between the region D of the
p-type semiconductor layer 101 and the optical absorption
layer 114 to a part between the region E of the p-type 65
semiconductor layer 101 and the optical wavegmiding core
layer 81. Also 1n the present embodiment, the multiplication
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layer 11C and the n-type electric field control layer 12C
between the region E of the p-type semiconductor layer 101

and the optical waveguiding core layer 81 are provided
throughout the entire area of the optical waveguide structure
80 (that 1s, the entire area of the optical waveguide portions
8a, 8b, 8¢, 8d, 8¢, and 8f viewed 1n the lamination direction).
The composition, the doping concentration, and the thick-
ness of the p-type semiconductor layer 101, the multiplica-
tion layer 11C, and the n-type electric field control layer 12C
in the optical waveguide portions 8a, 8b, 8¢, 84, 8¢, and 8f
are the same as those of the photodetector portion 6d.

In the foregoing embodiment, the electron injection type
multiplication layer 11 i which an 1onization rate (o) of
clectrons 1s larger than an 1omization rate (p) of holes has
been described as an example. As in the present modifica-
tion, even 1n a configuration including the hole imjection type
multiplication layer 11C 1n which {3 1s larger than o, eflects

similar to those of the foregoing embodiment can be exhib-
ited.

Second Embodiment

FIG. 12 1s a cross-sectional view illustrating a structure of
an optical waveguide type photodetector 2E according to a
second embodiment and 1llustrates a cross section corre-
sponding to line V-V 1 FIG. 1. In place of the multiplication
layer 11 and the p-type electric field control layer 12 of the
first embodiment, the photodetector 2E includes the multi-
plication layer 11 A and the p-type electric field control layer
12A. The multiplication layer 11 A has the same composition
and thickness as the multiplication layer 11 of the first
embodiment. The multiplication layer 11 A 1s provided only
between the region D of the n-type semiconductor layer 10
and the optical absorption layer 13 and does not extend to a
part between the region E of the n-type semiconductor layer
10 and the optical waveguiding core layer 81. The p-type
clectric field control layer 12A has the same composition
and thickness as the p-type electric field control layer 12 of
the first embodiment. The p-type electric field control layer
12A 1s provided only between the region D of the n-type
semiconductor layer 10 and the optical absorption layer 13
and does not extend to a part between the region E of the
n-type semiconductor layer 10 and the optical waveguiding
core layer 81. The p-type electric field control layer 12A 1s
a seventh semiconductor layer in the present modification.

The photodetector 2E further includes a p-type semicon-
ductor layer 83. The p-type semiconductor layer 83 is a sixth
semiconductor layer 1n the present modification. The p-type
semiconductor layer 83 1s provided on the region E of the
n-type semiconductor layer 10, and the optical waveguiding
core layer 81 1s provided on the p-type semiconductor layer
83. That 1s, the p-type semiconductor layer 83 1s provided
between the region E of the n-type semiconductor layer 10
and the optical waveguiding core layer 81. The optical
waveguiding core layer 81, the cladding layer 82, and the
p-type semiconductor layer 83 constitute an optical wave-
guide structure 80B according to the present embodiment.

The optical waveguiding core layer 81 1s optically
coupled to the optical absorption layer 13. For example, a
butt joint 1interface between the optical waveguide structure
80B and the photodiode structure 19 1s formed through wet
ctching. Hence, the butt joint interface 1s inclined waith
respect to a direction perpendicular to an upper surface of
the n-type semiconductor layer 10 (that i1s, an interface
between the n-type semiconductor layer 10 and the multi-
plication layer 11A). In other words, when the interface
between the optical waveguide structure 80B and the pho-




US 11,552,206 B2

19

todiode structure 19 1s a first interface C3 and the interface
between the region D of the n-type semiconductor layer 10
and the photodiode structure 19 1s a second interface C4, the
angle 0 formed by the first intertace C3 and the second
interface C4 1s smaller than 90°.

The p-type semiconductor layer 83 has a larger refractive
index than the n-type semiconductor layer 10 and 1s formed
ol a material which can be subjected to lattice matching with
the n-type semiconductor layer 10. For example, the p-type
semiconductor layer 83 1s made of InGaAsP. For example,
a bandgap wavelength of InGaAsP of the p-type semicon-
ductor layer 83 1s equivalent to that of the optical wave-
guiding core layer 81. For example, a bandgap wavelength
of InGaAsP of the p-type semiconductor layer 83 1s 1.05 um.
For example, the p-type semiconductor layer 83 1s a low-
concentration p-type InGaAsP layer of which the Zn-doping
concentration is 3x10"° cm™ or lower. An impurity concen-
tration of the p-type semiconductor layer 83 1s lower than an
impurity concentration ol the p-type electric field control
layer 12A. For example, a thickness of the p-type semicon-
ductor layer 83 1s within a range of 0.050 um to 0.200 um.
The p-type semiconductor layer 83 ascends on the end face
of the photodiode structure 19 along the first interface C3.
The p-type semiconductor layer 83 comes into contact with
the multiplication layer 11 A, the p-type electric field control
layer 12A, the optical absorption layer 13, and the p-type
semiconductor layer 14 1n the first interface C3.

The cladding layer 82 has a smaller refractive index than
the p-type semiconductor layer 83 and the optical wave-
guiding core layer 81 and 1s formed of a material which can
be subjected to lattice matching with the optical waveguid-
ing core layer 81. For example, the cladding layer 82 1s made
of undoped InP. A part of the n-type semiconductor layer 10,
the p-type semiconductor layer 83, the optical waveguiding,
core layer 81, and the cladding layer 82 constitute a stripe
mesa structure extending in the optical waveguiding direc-
tion. An optical signal 1s confined inside the p-type semi-
conductor layer 83 and the optical waveguiding core layer
81 due to this stripe mesa structure and differences between
refractive indices of the n-type semiconductor layer 10 and
the cladding layer 82, and the p-type semiconductor layer 83
and the optical waveguiding core layer 81, and the optical
signal can be propagated to the photodetector portion 6d.
The side surfaces and the upper surface of this stripe mesa
structure are protected by being covered by the insulating
films 16 and 17 (refer to FIG. 4).

Also 1n the photodetector 2E of the present embodiment,
similar to the first embodiment, the photodiode structure 19
includes the multiplication layer 11A and the p-type electric
field control layer 12A. Accordingly, the photodiode struc-
ture 19 having an avalanche multiplication action can be
obtained.

In the photodetector 2E of the present embodiment, the
p-type semiconductor layer 83 having a lower impurity
concentration than the p-type electric field control layer 12A
1s provided between the n-type semiconductor layer 10 and
the optical waveguiding core layer 81. The p-type semicon-
ductor layer 83 comes into contact with the multiplication
layer 11 A and the p-type electric field control layer 12A 1n
the first interface C3. FIG. 13A 1s an enlarged view of a part
in the vicinity of the end face 115 of the multiplication layer
11A 1n such a case. A region surrounded by the dotted line
in the diagram shows a depleted region. When the p-type
semiconductor layer 83 comes into contact with the multi-
plication layer 11 A and the p-type electric field control layer
12A, at the time of applying a reverse bias, a part in the
vicinity of the end face 11; of the multiplication layer 11A
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1s supplemented with carriers from the p-type semiconductor
layer 83. Theretore, as 1llustrated in FIG. 13 A, the depletion
range Ws of a part in the vicimity of the end face 115 of the
multiplication layer 11A expands. That 1s, according to the
photodetector 2E, the depletion range of the multiplication
layer 11A can be made approximately umform from a
central part to a part 1n the vicinity of the end face 11;.

FIG. 13B 1s a view 1illustrating change in electric field
intensity of the multiplication layer 11 A in the thickness
direction. According to the present embodiment, the maxi-
mum electric field Emax of a part 1n the vicinity of the end
face 11 of the multiplication layer 11 A becomes equivalent
to the maximum electric fields of other parts in the multi-
plication layer 11A. That 1s, partial increase in maximum
clectric field Emax 1n the multiplication layer 11A can be
curbed. Therefore, edge breakdown can be made unlikely to
occur, and deterioration 1n reliability due to concentration of
a multiplication current can be avoided.

Heremnabove, the present disclosure has been described
specifically on the basis of examples, but the present dis-
closure 1s not limited to the foregoing examples and can be
changed within a range not departing from the gist thereof.
For example, each of the embodiments and each of the
modifications described above may be combined together as
necessary 1n accordance with the purpose and the effect. A
specific composition of each of the semiconductor layers 1s
not limited to the foregoing examples. In the foregoing
embodiment, a configuration 1n which the optical waveguide
portions 8a, 80, 8¢, 8d, 8¢, and 8f and the light receiving
clement portions 6a, 65, 6¢, and 6d are integrated on the
common substrate 9 has been described as an example. A
photoelectric conversion circuit including other InP-based
clectronic devices (for example, hetero junction bipolar
transistors), capacitors, and resistors may be further inte-
grated on the substrate 9. In the foregoing embodiment, the
n-type semiconductor layer 10 i1s provided on the substrate
9. When a substrate 1s an n-type semiconductor substrate, the
n-type semiconductor layer 10 may be omitted. In such a
case, the n-type semiconductor substrate becomes the first
semiconductor layer, and all the relationships between the
n-type semiconductor layer 10 and other semiconductor
layers 1n the foregoing description can be read as relation-
ships between the n-type semiconductor substrate and other
semiconductor layers.

In each of the embodiments and each of the modifications
described above, a case in which the present disclosure 1s
applied to an integrated photodetector used by a coherent
wave detection method using quadrature phase shift keying
(QPSK) or quadrature amplitude modulation (QAM) has
been described. The present disclosure may be applied to an
optical waveguide type photodetector of a method of
directly detecting an intensity modulation signal such as
Non-return to Zero (NRZ) or 4-level pulse amplitude modu-
lation (PAM4).

FIG. 14 1s a plan view illustrating an example of such an
optical waveguide type photodetector. An optical waveguide
type photodetector 2F 1llustrated in FIG. 14 includes the
semi-insulating substrate 9 (not illustrated 1n FIG. 14), the
n-type semiconductor layer 10, the optical waveguide por-
tion 8, and the photodetector portion 6. The n-type semi-
conductor layer 10 1s provided on the substrate 9. The optical
waveguide portion 8 and the photodetector portion 6 are
provided on the n-type semiconductor layer 10. The optical
waveguide portion 8 has any of the optical waveguide
structures 80 and 80B of each of the embodiments and each
of the modifications described above. The photodetector
portion 6 has any photodiode structure 19 of each of the
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embodiments and each of the modifications described
above. Moreover, this photodetector 2F includes the multi-
plication layer 11 or 11A described above and the p-type
clectric field control layer 12 or 12A.

In this example, the electrode pad 23 and a wiring on the
p-type ohmic electrode are electrically connected to each
other via a wire 71. The bias wiring provided on the n-type
ohmic electrode 1s electrically connected to a pair of elec-
trode pads 22¢ and 22f provided on both sides of the
photodetector portion 6. The configurations of this modifi-
cation can also exhibit effects similar to those of the fore-
going embodiment. In this example, the multiplication layer
11C of FIG. 11 may be provided in place of the multipli-
cation layer 11 or 11 A, and the p-type electric field control
layer 12C of FIG. 11 may be provided in place of the p-type
clectric field control layer 12 or 12A. The p-type semicon-
ductor layer 101 of FIG. 11 may be provided in place of the
n-type semiconductor layer 10, and the light receiving
clement portion 6 may have the photodiode structure 117 of
FIG. 11 1n place of the photodiode structure 19.

What 1s claimed 1s:

1. An optical waveguide type photodetector comprising:

a first semiconductor layer of a first conductive type;

a multiplication layer being of a first conductive type and
provided on the first semiconductor layer;

an optical waveguide structure having an end face and
provided on a first region of the first semiconductor
layer and including an optical waveguiding core layer
and a cladding layer; and

a waveguide type photodiode structure having an end face
and provided on a second region of the first semicon-
ductor layer and having a third semiconductor layer
being of a second conductive type, an optical absorp-
tion layer being of an intrinsic conductive type or of a
second conductive type, and a second semiconductor
layer being of a second conductive type which are
arranged 1n this order,

wherein the end face of the waveguide type photodiode
structure and the end face of the optical waveguide
structure are 1n contact.

2. The optical waveguide type photodetector according to

claim 1, wherein

the multiplication layer 1s between the first semiconductor
layer and the optical waveguiding core layer and,

the optical waveguiding core layer 1s provided throughout
an entire area ol the optical waveguide structure.

3. The optical waveguide type photodetector according to

claim 1, further comprising:

a bufler layer provided between the first semiconductor
layer and the multiplication layer, the bufler layer being
of a first conductive type having a lower impurity
concentration than the first semiconductor layer or
being an undoped layer, and

a Tourth semiconductor layer provided between the bufler
layer and the multiplication layer, the fourth semicon-
ductor layer being of a first conductive type having a
higher impurity concentration than the multiplication
layer.

4. The optical waveguide type photodetector according to

claim 1,

wherein the waveguide type photodiode structure further
includes another semiconductor layer provided
between the third semiconductor layer and the optical
absorption layer.

5. The optical waveguide type photodetector according to

claim 4,
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wherein the another semiconductor layer does not extend
to a part of the first region of the first semiconductor
layer.

6. The optical waveguide type photodetector according to

claim 1,

wherein an angle between the end face of the waveguide
type photodiode structure and a plane of the third
semiconductor layer 1s smaller than 90°.

7. The optical waveguide type photodetector according to

claim 1, further comprising:

a first ohmic electrode provided on the first semiconductor
layer located outside the waveguide type photodiode
structure;

a contact layer of a second conductive type provided on
the second semiconductor layer; and

a second ohmic electrode provided on the contact layer.

8. The optical waveguide type photodetector according to

claim 1, further comprising:

a semi-insulating substrate,

wherein the first semiconductor layer 1s provided on the
semi-insulating substrate.

9. The optical waveguide type photodetector according to

claim 1,
wherein the first semiconductor layer and the second
semiconductor layer are InP layers,
wherein the optical absorption layer 1s an InGaAs layer,
herein the multiplication layer 1s an InAlAs layer, and
herein the third semiconductor layer 1s an InP layer or

an InAlGaAs layer.

10. The optical waveguide type photodetector according
to claim 1,

wherein the third semiconductor layer 1s formed 1n both
the first region and the second region of the first
semiconductor layer.

11. An optical waveguide type photodetector comprising:

a first semiconductor layer of a first conductive type;

an optical waveguide structure having an end face and
provided on a first region of the first semiconductor
layer and including an optical waveguiding core layer
and a cladding layer;

a waveguide type photodiode structure having an end face
and provided on a second region of the first semicon-
ductor layer and having a multiplication layer being of
a first conductive type, another semiconductor layer
being of a second conductive type, an optical absorp-
tion layer being of an intrinsic conductive type or a
second conductive type, and a second semiconductor
layer being of a second conductive type which are
arranged 1n this order, the end face of the waveguide
type photodiode structure facing the end face of the
optical waveguide structure; and

still another semiconductor layer of a second conductive
type located between the end face of the optical wave-
guide structure and the end face of the waveguide type
photodiode structure and 1n contact with the multipli-
cation layer at the end face of the waveguide type
photodiode structure.

12. The optical wavegumde type photodetector according

to claim 11,

wherein the multiplication layer and the another semicon-
ductor layer do not extend to between the first region of
the first semiconductor layer and the optical waveguid-
ing core layer.

13. The optical waveguide type photodetector according

to claim 11,
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wherein a bandgap of the still another semiconductor
layer 1s equivalent to a bandgap of the optical wave-
guiding core layer.
14. The optical waveguide type photodetector according
to claim 11,
wherein a thickness of the still another semiconductor
layer 1s within a range of 0.050 um to 0.200 um.
15. The optical waveguide type photodetector according
to claim 11,
wherein an 1mpurity concentration of the still another
semiconductor layer 1s lower than an impurity concen-
tration of the another semiconductor layer.
16. The optical waveguide type photodetector according
to claim 11,
wherein the first semiconductor layer and the second
semiconductor layer are InP layers,
herein the optical absorption layer 1s an InGaAs layer,
herein the multiplication layer 1s an InAlAs layer,
herein the sixth semiconductor layer 1s an InGaAsP a
layer, and
wherein the seventh semiconductor layer 1s an InP layer
or an InAlGaAs layer.
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